ABSTRACT In this paper, recent comparison tests are performed on smartphone magnetometer ''apps'' with a view toward their suitability for detecting and measuring magnetic storm events. Although the iPhone and Samsung smartphone magnetometer sensors in this study have a nominal sensitivity of ±150 nT, this ''digitization'' noise level is not a Gaussian process and cannot be further reduced by co-adding more measurements to obtain √ N improvements. Moreover, there are a variety of systematic effects including apparently uncontrollable glitches and ''dc'' baseline changes that have amplitudes of ±2000 nT during long-term measurement operations. These systematic variations appear to mask the detection of all but the strongest geomagnetic storms with K > 8. It is possible that other existing smartphones outside this study have improved magnetic sensors, and that future improvements in sensor design may change these conclusions, so a continued study of this issue is warranted.
I. INTRODUCTION
Geomagnetic storms have been of concern since the dawn of telegraphic communication. They have also attracted considerable popular attention, especially during the 20th century, with frequent mention on the front pages of major newspapers. Their impact on satellite systems, power grids, and communications technology is also a matter of record as described by [1] .
The detection of geomagnetic storms using professionalgrade instrumentation began with the work by Alexander von Humboldt on December 21, 1806. After monitoring the every-half-hour value of the local magnetic declination for six months, he detected a 6-hour deviation that came and went in synchrony with local auroral conditions as described by [2] . The instrument was little more than a suspended compass needle whose arc-minute position changes in the horizontal plane were noted with the help of a microscope. Similar designs referred to in the modern age as 'soda bottle magnetometers' have also found their way into a variety of formal education settings as described in [3] and [4] .
Since the time of von Humboldt, and generally credited to his foresight, over a dozen 'magnetic observatories' have been established world-wide to continue this monitoring using progressively more sophisticated instruments, culminating in the modern three-axis, fluxgate magnetometers [5] sensitive to 1 nT variations. These research-grade systems are prohibitively expensive for educational or citizen scientist applications, however as described by [6] an inexpensive network of school-based magnetometer stations in the United Kingdom has been developed using Raspberry Pi fluxgate magnetometers, which can record variations at the 0.5 nT level.
Gauss meters and metal detectors have been available for decades and used by amateur scientists and teachers alike to explore the basic principles of magnetism, but the detection of Earth's magnetic field, whose intensity is of the order 0.5 Gauss (50,000 nT), has been problematical and usually expensive. Moreover, commercially-available gauss meters only report the total magnitude of the local field and not its three vector components. This all changed with the advent of the smartphone, which relies on measurements of the local geomagnetic vector components to determine the orientation of the smartphone in space. These three-axis, Hall Effect magnetometers are compact, spanning only a few millimeters, and are sensitive enough to reliably detect the geomagnetic field at a high signal-to-noise ratio. The development of numerous application software tools (apps) now brings the quantitative measurement of the full vector geomagnetic field into the hands of hundreds of millions of people world-wide and offers new opportunities for exploring Earth's magnetic field and its changes in time and space. A reasonable question to ask is, how well is smartphone technology able to make geomagnetic measurements at a level required for storm detection, and how reliable are these measurements?
This article describes how the ubiquitous smartphone technology of the 21st century has made it possible, not only to quantitatively measure the local vector components of the geomagnetic field, but to do so with perhaps enough sensitivity to detect strong geomagnetic storm events.
II. SMARTPHONE MAGNETOMETERS AND APPS
Assessing whether smartphone magnetic sensors are capable of detecting the minute changes during a geomagnetic storm poses a severe challenge. Normally, science-grade measurements are made with instruments whose properties and construction are well understood. Many instruments are even designed and fabricated by the scientists themselves, and so their inner workings and operating principles are also well understood. This also applies to the software used to calibrate and analyze the data. Smartphones, however, represent a severe challenge because, not only are their detailed designs and functions proprietary to the manufacturer, but the designers who create the software that access the raw data are usually not willing to discuss the equally proprietary details of how their apps function. Consequently, our assessment of how well smartphone magnetic sensors perform in making very sensitive geomagnetic measurements regards these platforms as essentially 'black boxes'. Our only recourse is to attempt to glean how they perform and function through analysis of the resulting data stream.
Since the introduction of the iPhone 3GS in 2009, smartphones routinely come equipped with a magnetometer to sense their orientation in space, and use basic apps to determine the user's location with respect to Magnetic North (or South). The way this is done is through a millimeter-sized internal chip that contains a three-axis magnetometer. This sensor consists of three separate modules aligned separately on the X, Y and Z axis of the smartphone. Each of these modules measures the intensity of Earth's magnetic field (or a local source of magnetism such as a bar magnet) along only one axis using a Hall Effect sensor.
Hall Effect sensors create a changing output voltage as the magnetic field that passes through them changes in strength. Various magnetoresistive materials are used to confine the response of each sensor to only one component of the applied vector field.
An example of such a sensor is the AK8963, three-axis Electronic Compass IC [7] , which is used in iPhone models 5, 5S, 6, 6Plus [8] . This is a silicon monolithic Hall Effect sensor with a magnetic concentrator. The AK8963 chip's measurement range is from −4912 µT to +4912 µT. The voltage generated by the sensor is in analog form so an analog-todigital (ADC) converter translates the output to either a 14-bit or a 16-bit data word based upon a comparison of the input signal with a reference voltage level. Output data resolution is 150 nT/bit for the 16-bit model based on 1-bit for the sign of the number (+ or −), and 15-bits for the magnitude corresponding to 4912 µT. In continuous measurement mode, the magnetometer takes eight samples/s for regular resolution and 100 samples/s for high resolution measurements determined by the application software, but generally not selectable by the end-user. The Samsung Galaxy S5 uses a Yamaha YAS532B three-axis magnetometer whose specifications described in [9] indicate a 'sensitivity' of 150 nT in the X-Y directions and 250 nT in the Z-direction, with maximum field strengths of 1200 µT. The sensitivity is similar to the AK8963 sensor on the iPhone 6S platform.
For both platforms, the displayed X, Y, Z axis are based upon the orientation of the chip in the smartphone, and align with the so-called Body Frame coordinate (X, Y, Z) system. Geophysically, we work in the Earth Frame convention (x, y, z). The z-axis points along the nadir-zenith axis increasing towards the center of Earth. Perpendicular to this axis is the local horizontal plane where the x-axis increases towards magnetic north and the y-axis increases eastwards. Smartphones use rotation matrices to convert from the Body Frame to the local geomagnetic Earth Frame system and thereby determines the orientation of the smartphone in physical space.
When a smartphone is placed on a horizontal table top with the long axis of the phone pointed towards Magnetic North, the magnetic field Body Frame components (Bx, By, Bz) reported by smartphone apps are related to the standard geomagnetic coordinate components (bx, by, bz) according to: bx = By; by = Bx; bz = −Bz. In the table top, X-Y plane, the magnetic declination is just D = arcTan (Bx/By). The magnitude of the horizontal component, BH, defined by Bx and By is also equal in magnitude to the geophysical H component defined in [10] as H = (bx 2 + by 2 ) 1/2 . In the discussions to follow, the smartphones were placed on a leveled table top so that the bz and Bz axis were parallel. No attempt was made to orient the smartphones in the horizontal plane since the typical user will not be able to align the horizontal plane axis to North and East with the same accuracy (±0.1 • ) as for the z-direction, causing poorly-regulated offsets in the magnetic components in these directions. Nevertheless, due to rotational invariance about the properly-aligned vertical axis, the magnitude of the horizontal smartphone component, h = (Bx 2 + By 2 ) 1/2 , should be identical to geomagnetic H. The triplet components readily VOLUME 6, 2018 accessible to the smartphone user (|b|, h, Bz) should then equal the geomagnetic observatory values (|B|, H, −bz).
There are several dozen magnetometer apps available for IOS and Android operating systems, but given the market dominance of the Apple iPhones, only IOS-compatible apps are considered in this study. Among magnetometer apps examined at the time of this research there were only two no-cost versions that permitted data logging: Teslameter 11th (SkyPaw Co. Ltd, Version 4.4.3, 2017) and Tesla [Field] Recorder (Excelerus AB, Version 2.1, 2016). A third app, Sensor Kinetics Pro (Innoventions, Inc., Version 2.1.2, 2017) also provided data logging, but operated at a sampling rate of 40 Hz, making it impractical for the long-term changes expected from geomagnetic events. The three apps provide a graphical and numerical representation of the Bx, By, Bz components as well as a digital |B| gauge. The data can be saved and exported via email as .csv files. The Tesla Recorder app operates at a sampling rate of about 1 Hz for screen display, but logs the data at 30-second intervals. Teslameter 11th allows sampling frequencies from 2 Hz to 10 Hz, which as for the Sensor Kinetics app, is not well matched to the slow changes of geomagnetic events likely to be detectable by these systems. The data generated by all three apps include field measures reported to 0.1 µT. In the discussions to follow, we will be using the Tesla Recorder app since its data cadence has the longest time interval (30 seconds), and provides data logging. It is also a better match to the standard magnetic observatory sampling rate of once-per-minute [5] .
III. GEOMAGNETIC FIELD MEASUREMENTS
Earth's surface magnetic field has a typical strength of approximately 50000 nT (e.g. 50 µT). Since the time of Alexander von Humboldt in the early-1800s, the surface field has been monitored to gauge its magnetic variability since this is correlated with auroral activity. A number of magnetic observatories have been commissioned to make regular quantitative measurements of the field. Magnetic variation is strongly correlated with auroral activity, so a designated set of 13 observatories within the auroral zone near magnetic latitudes of 70 • construct a local K-index to report the magnitude of the disturbances in the local geomagnetic field during each 3-hour period. The K-index can also be combined among the observatories at sub-auroral latitudes to create a planetary K index, denoted as Kp. For the typical smartphone user, they will be thousands of kilometers from the nearest magnetic observatory so there will be no real-time data against which to compare a smartphone magnetic measurement against the professional measurements. Most 'storm chasers' use the Kp index as a proxy for gauging the level of magnetic activity.
As described by [11] , the maximum deviation of each of the three magnetic vector components (δBx, δBy, δBz) is computed relative to the quiet-time values. The magnitude of the deviation is then converted into a K index value using the observatory's calibrated correspondence table. Because magnetic observatories are for the most part located near the auroral zone, most of the large deviations occur in the horizontal plane defined by the magnetic component H, so that it is historically more common to base K index values on δH [12] or δBx [13] rather than vertical component changes δBz. Typical storm events shown in Table 1 can cause changes at a level of a few hundred nT according to the published sub-auroral Kiruna Magnetic Observatory [13] , and mid-latitude Fredericksburg Magnetic Observatory [14] Bx scales.
In order to detect significant mid-latitude magnetic storm events with K > 8 we need to be able to reliably measure magnetic field changes |δH| > 500 nT with at least a signalto-noise (S/N) of 3. Given that the digitization noise for these smartphone platforms is of the order ± 150 nT, we can surmise that the prospect for detecting high-latitude storms stronger than about K = 8 will be challenging.
To determine whether smartphone magnetometers can in fact detect small storm-time field changes we need to establish the reliability and characteristics of the magnetometer output. This geomagnetic application poses a considerable challenge to these ubiquitous magnetometers, which were designed to register, for example, compass directions to a precision of a few digitization bits accuracy (±3 • in bearing corresponds to about ±100 nT). Two different smartphone platforms were tested: Apple iPhone 6s (released in September 2015) running iOS 9, and Samsung Galaxy Note 5 (released in August 2015) running Android 7.0. The Tesla Recorder app was available for both platforms.
A. TRANSIENT ARTIFACTS
The first issue to consider is, what does the data look like during normal operation? Electrical measuring devices are generally known to be subject to both internal and external conditions that can directly affect the quality of the data they produce. For a perfect measuring device, the resulting uncertainty in the data is a Gaussian process so that N successive measurements can be averaged to obtain √ N improvements in the final measurement 'error'. With uncorrected instrumental artifacts, the measurement error is limited by the white noise floor set by the magnitude and frequency of the artifacts.
Both smartphones were placed on an indoor, leveled table top under room-temperature conditions, with no metallic items within two meters of their positions. Tesla Recorder was allowed to take data uninterrupted for four hours. As discussed in Section II, we only consider measurements of the Bz component due to its ease of alignment on a leveled table top with the local geophysical z-axis (nadir-zenith) direction. No attempt was made to further align the smartphones to magnetic north within the local horizontal plane.
Three types of DC changes can be identified in Fig.1 . The most dramatic is shown in Fig. 1b for the Samsung phone and occurs near Sample 181. On occasion, very large glitches are seen with amplitudes of 3 µT or more. These occur about once every 5 to 10 hours, and often coincide with sudden changes in the DC level of the magnetometer values. The 2 to 5 µT shifts are a significant contributor to elevating the data noise well above the nominal ADC level of ±150 nT. They do not seem to be caused by local environmental factors since they are observed by the Samsung phone and not simultaneously by the iPhone.
Next, we have a fairly long-term gradual DC change also shown in Fig. 1b for the Samsung phone between Samples 91 and 181. These can cause either an increase or decrease in the field measurement by as much as 1 µT.
Finally, as shown in Fig.1a for the iPhone, a sudden increase and decrease in the field spanning 90 samples (45 minutes) can sometime occur. This particular event, reported by the iPhone but not seen in the Samsung data, had its maximum on January 24, 2018 at 21:00 UT. A comparison of this time with the corresponding geomagnetic conditions reported by the Frederiksberg Magnetic Observatory (FRD) reveals geomagnetically-disturbed conditions corresponding to Kp = 1, but no single event that matches in detail the timing or amplitude of the iPhone excursion.
Glitches, on the other hand, can be seen in Fig.1a in the data for the Samsung platform but not the iPhone. They typically have small amplitudes of order ±1 µT and are sufficiently few in number that they will rapidly 'average out'. Glitches do not appear to be random in time as one might expect for cosmic ray events, but seem to reoccur with periods of about 16, 32, 60 and ca 350 samples depending on which of the four compression levels are selected in the Tesla Recorder app set-up. These glitches, however, do not appear in the iPhone data suggesting that they may have something to do with the differing ADC/magnetometer systems in each smartphone rather than with the data compression setting of the app itself. These periods do not correspond to fixed time (ADC clocking) intervals, nor represent fixed amounts of data (buffering). On occasion, the largest of these glitches leads to an actual DC jump that remains constant until the next severe glitch, or until the app is turned off. Similar jumps and glitches are known to be a problem with some ADCs in which the input analog data are not properly filtered as described in [15] and [16] . It is possible that the Samsung platform is less well-regulated than the iPhone platform, but the details are not in the public domain.
B. POWER-UP ARTIFACTS
At some point a smartphone will need to be re-charged, and the measuring app re-started. This operation also has some impact on the resulting data. To examine this issue, both smartphones were placed on an indoor, leveled tabletop with no metallic items within two meters of their positions. Tesla Recorder was allowed to take data uninterrupted for two simultaneous sessions of one hour each under room temperature (73 • F) and geomagnetically calm (K < 3) conditions. The batteries were fully charged at the start of the data logging, and the results are shown in Fig. 2 .
For the iPhone platform, following power-up and once data taking commences, the magnetometer readout does not instantaneously record the value of each field component but requires a prolonged period of time before the values stabilize. For the Bx and By components, this happens comparatively quickly within 30 samples (15 minutes) but for the Bz component, this relaxation process takes up to one hour before the reported value is within ±200 nT of its final, mean value. This long time constant in the component measurement process is problematic because the difference between a 'quick look' measurement after a few samples can be as much as 5 to 10 µT different than the value obtained after the process reaches its final, stable, value. This asymptotic process for the iPhone is repeatable, and a feature of all measurements made with this platform. The Samsung phone, VOLUME 6, 2018 in rather stark contrast, shows no such effect and reaches its asymptotic, and stable, value within a few minutes.
Another issue of concern is that, when the data taking is continued until the battery is exhausted to 0%, this causes both smartphones to automatically shut off. When the magnetometer app is re-started, the measured field values are generally far from their values at the time of power-off, so the magnetometers have to be re-calibrated. This is done by moving the phones in the recommended figure-8 'calibration' pattern [17] so that the magnetometers once again reacquire the geomagnetic field. Following this unavoidable calibration step, the measurements generally returned to values within a few hundred nT of their original values.
C. BATTERY CHARGING AND DISCHARGING
An additional issue is raised if the battery charger is employed to prolong the battery life so that longer continuous records can be generated. For the iPhone 6s, 100% of the battery charge is exhausted after seven hours of continuous operation. For the Samsung Note 5 the battery life is about six hours. It is tempting to run the smartphones with the battery under continuous charging. To examine what impact this mode of operation has on the data, both smartphones were allowed to take data for one hour. The battery charger was inserted in each smartphone and allowed to operate for one hour before it was unplugged with the smartphones continuing to take data for an additional hour. Fig. 3 shows the impact that this charging cycle had on the Bz data during the 3-hour data run. The cause of this effect is not easy to discern from the publicly available data on how these platforms operate. One possibility is that some internal heating is involved as the charging proceeds. We have checked this internal heating effect by using the TempMonitor app on the Samsung smartphone, which provides temperature data for the battery. A similar app does not exist for the iPhone.
Once again, the Tesla Recorder app was operated as it had been for obtaining the data in Fig. 3 , but periodically the 
TempMonitor app was run to check the battery temperature. What was observed is that the temperature began at 25 • C then during charging it steadily increased to 29 • C. When the charger was unplugged the temperature returned to its precharging level after 30 minutes. It is known that the performance of ADCs are affected by temperature, which is usually called 'drift' and usually indicated in milliVolts/ • C or ppm/ • C as described in [18] . Although there are protocols for correcting data for this effect, for our particular application it is far easier not to introduce this effect into the data by simply not using the charger during data taking.
For apps that rely on the magnetometer output such as compasses or metal detectors, battery operation is the rule rather than the exception, so this charging artifact is not an important issue for the majority of the users. Likewise, battery operation is also mandatory for magnetic storm detection to avoid confusing weak magnetic storm events with the similar characteristics of an active battery-charging event. In the measurements and discussions that follow, the smartphones were not charged during the measurement operation and only battery power was used, also the smartphones were fully charged to >90% before commencement of data taking.
D. TEMPERATURE EFFECTS
The magnetometer system in a smartphone consists of a solid-state sensor, one for each magnetic component, and a dedicated ADC that converts the analog output voltage from the sensor into a digital representation of 16-bits, with one bit reserved for the sign of the value. Both the sensor module and the ADC are susceptible to performance changes due to the ambient device temperature, which increases as the device is being continuously operated. The ADC is the most sensitive element in this data chain because it involves comparing the input voltage from the sensor against a reference voltage. The reference voltage, which is generated on-chip, must be regulated to a stable value that remains fixed throughout the entire measurement operation. For the ADC, two features are routinely described in specification documents in terms of their temperature drift: The zero-offset and gain. These temperature-induced drifts can be mitigated through a carefully calibrated back-end, look-up table, which applies an on-chip correction based on current temperature.
The drifts can also be calibrated-out on the front-end by the user. Two ADC values generated with a time lag when the temperature has significantly changed will generally differ by at least the LSB of the device, and so the output will show a slow but steady change in the ADC value when measuring a fixed signal source [18] . Unfortunately, the documentations for the AK8963 and the YAS432B do not indicate what the drift rates are, and since the apps provide no means for calibrating or otherwise compensating for temperature effects, we have to devise a data analysis, or data taking, protocol that minimizes these issues as much as possible.
A series of data taking operations each lasting 1 hour, but commencing after various iPhone power-off periods from 2 minutes to 10 minutes shown in Fig. 4 , demonstrates that the initial rise duration and magnitude before reaching its asymptotic 'plateau' value correlates with the length of the iPhone power-off time prior to making the measurements. This indicates that the feature is related to the previous operation history of the iPhone before the app commenced data logging. So long as the power-off time is less than two minutes, the app resumes taking data at the level previously reached and continues the climb to the asymptotic value. A second factor investigated was the duration of time that the app was left on to 'warm up' before data taking began. There was, however, no significant change in the data that could be attributed to this effect.
External effects relate to the temperature of the ambient environment. Both the iPhone and Samsung smartphones were placed outdoors in a shaded location with no metallic objects nearby. The smartphones were operated at the same location, and in the same orientation on a leveled plastic table top. While one smartphone was taking Bz data, the second smartphone adjacent to the first was taking ambient temperature measurements using the OmniTemp app with an external temperature probe (thermistor-based).
Each phone was operated for one hour to log the data. Fig. 5 shows the results for a range of ambient temperatures. The typical ambient temperature change between the start and end of each morning-time measuring session was about +2 • F, so the mid-point temperatures are shown in the legends for Fig. 5 .
The Samsung smartphone (Fig. 5a ) apparently has much better temperature stability than the iPhone (Fig. 5b) over the temperature ranges studied. Comparing the baseline Bz ranges between 47 • F to 75 • F, the Samsung phone varies by only 1000 nT and the response is flat to within the ±200 nT despite the slight ca 2 • F ambient temperature change, which apparently has no effect on the data.
The iPhone has a much larger range of 8400 nT in response to the ambient temperature change from 47 • F to 75 • F, and only the data for temperatures at or above 62 • F show a relatively flat response to within ±500 nT. For normal, indoor operating temperatures near 68 • F, the Samsung's much narrower range (±200 nT) and faster response time is superior to VOLUME 6, 2018 FIGURE 6. iPhone noise spectrum using Tesla Recorder data. |B| (diamond), Bx (Square), By (Triangle), Bz(Dot). Also shown as a dashed line is a 1/ √ N power law.
the larger temperature range (±500 nT) and slower response time of the iPhone platform.
IV. NOISE ASSESSMENT
The AK8963 sensor is used in iPhone models 5, 5S, 6, 6Plus, while the Samsung Galaxy Note 5, like the Galaxy S4 and S5 and Note 3, probably uses the same Yamaha YAS532 sensor. It is known from the specifications for the AK8963 that its range is from −4912 µT to +4912 µT. The ADC converts the magnetometer output to either a 14-bit or a 16-bit data word depending on which chip model is used in the iPhone. Output data resolution at 1 LSB is 150 nT/bit for the more popular 16-bit model. We expect, therefore, that the noise spectrum will plateau to white noise at about 150 nT. The implication is that an irreducible noise limit will be reached that is set by the magnetometer and ADC system at ±1 LSB (±150 nT). Optimally, one expects that as more samples are averaged, the deviations from the mean values will integrate down as √ N if the noise process is Gaussian in character. We can check this by constructing the noise spectrum for each field component. From the data obtained from a representative quiet segment of the data from each smartphone, a quadratic trend was subtracted from each component and |B| to obtain the residual component values. The standard deviation (σ ) of progressively larger set sizes was then plotted versus sample size. For Gaussian noise, the resulting sigma should follow a simple 1/ √ N power law. What was found was that both the Samsung and iPhone platforms provide a distinctly nonGaussian noise behavior in their output that declines to a plateau near 200 nT for N > 40 samples. Fig. 6 shows this result for the iPhone data, which is representative of both platforms.
The iPhone data displays a similar behavior in the Bx and By measurements with a plateau occurring for N > 40 samples at about 250 nT, however the Bz and |B| values show an expected decline following 1/ √ N with a distinct flattening for N > 60. This is consistent with the effect of the digitizer's ±1 LSB in setting the level of the white noise component that is apparently reached after about 60 samples have been averaged. Apparently, there is no further benefit in adding more data samples beyond 60 samples. This also suggests that no amount of combining magnetometer data from more than 60 observers will reduce this noise limit below about ±200 nT, which is similar to the 1-bit digitization level of the ADCs. In the following sections, we will concentrate on the Bz component due to its lower noise figure compared to Bx and By.
In actuality, as we have seen in Section III there are glitches and systematic 'DC' shift artifacts that will artificially make the measurement noise as much as a factor of ten greater than the random ADC noise. Careful editing of the data before averaging by using median filtering to eliminate glitches, and adding the appropriate offsets to correct for DC shifts will, however, greatly reduce this systematic noise contribution.
V. COMPARATIVE MAGNETOMETRY
An indicator of how well these apps and platforms perform in absolute terms was estimated by measuring the geomagnetic field near FRD for which the local field measurements are available in real time to a precision of ±1 nT. A similar strategy was employed by [6] for testing the magnetometers in the UK school network also using a nearby magnetic observatory. For smartphones, which are capable of measuring magnetic field strengths up to |B| ≈ 5000 µT, geomagnetic measurements at ≈ 50 µT and magnetic storm variations at |δB| ≈ 1 µT are at the extreme low range of the ADC measurement ranges and so for our purposes only calibrations below B = 50 µT are required to assess linearity and offset.
The FRD station provides a professional-grade absolute reference for the expected values for |B| and the geomagnetic components (bx, by, bz) that correspond to the smartphone magnetometer (By, Bx, −Bz) when oriented in the same manner. So long as the smartphone is placed on a level, nonmagnetic table top, we can geometrically assume that |B| and −Bz will be identical to the geophysically-measured values at FRD. To bring the (Bx, By) components into concordance, we simply need to rotate the smartphone about the local Z axis until the field components (Bx, By) match as close as possible the corresponding geomagnetic (by, bx) values at FRD. Both the iPhone and Samsung phones were brought to the FRD site and oriented to minimize the difference between the smartphone read-outs and the current FRD magnetometer measurement.
At the time of the measurements, the daytime temperature was 60 • F. They were placed outdoors on a shaded, wooden Table 2 shows that neither platform measures the actual value of the geomagnetic field and tend to report a value different than the FRD measurements by about ±2.5µT in |B| H and Bz. Given the ±150 nT digitization error, these offsets from the FRD weak field measurements are statistically significant, but for most applications are not likely to be significant so long as this represents a simple zero-point shift and not a non-linear rescaling of the magnetometer scales.
Magnetic storms are detected by changes in the magnetic components also at these levels. So long as the measuring conditions remain stable and the offset between the smartphone and actual field component values remains constant over the observing interval, the absolute determination of the field components is probably not as important as their relative stability over a period of several days during a typical storm's evolution.
VI. GEOMAGNETIC STORM DETECTION
The geomagnetic field at each geographic location undergoes a diurnal change because the terrestrial dipole is off-set from Earth's core, and on the large scale is not symmetric from noon to midnight due to the presence of the geomagnetic 'tail'. The amplitude of this effect at mid-latitudes can be assessed from the FRD data shown in Fig. 7 and is not greater than ±50 nT in any non-storm geomagnetic component at this magnetic latitude. It is, therefore, not a detectable effect in the smartphone data.
During the quiet geomagnetic conditions measured at FRD (K < 3) from November 17 to December 26, 2017, a total of 11,000 measurements were taken using the Samsung smartphone. Our previous studies in Section IV showed that the Samsung smartphone was more stable to temperature changes, and reached a final data value more quickly than the iPhone, yielding a somewhat better measuring performance overall. The Bz magnetometer data presented in Fig. 8 have been edited to remove the sudden jumps known to occur following battery charging. Also, the data values are displayed at a resolution of one data point every 50-minutes to reduce the number of plotted points. Gaps in the data occur, and reflect times when no measurements were made. The mean value of Bz is −43.0 µT, compared to the FRD measurements of −45.6 µT represented in the smartphone coordinate system, and the predicted −46.8 µT at the observing location in Kensington, Maryland.
We previously selected the Bz component for storm detection because through the proper leveling of a table it was possible to align the smartphone Bz axis with the local geomagnetic z-axis. However, although the components in the horizontal plane cannot be so easily aligned with the local geomagnetic coordinate system, we may still use the total horizontal component |Bh| defined by the square-root of the quadrature sum of the Bx and By measurements, whose value should be invariant with respect to rotations of the smartphone in the horizontal plane. It is clear from the data series that the apparently normal variations in Bz at the observing location, or the operation of the smartphone itself, produce very large excursions in the value for Bz that dominate the series.
Although the Bz data seem to follow the overall rise and fall of the K indices, there is no statistical evidence for specific correlations between K value and geomagnetic variations in Bz or BH at the 3 to 10 hour time scales of the individual geomagnetic changes, indicating that the Samsung platform apparently cannot discern specific geomagnetic storm events below K = 4. The mean value of Bz during this time was −43.8 µT but the 1-sigma variation about this value apparently due to environmental or internal factors is ± 650 nT, which is four-times the minimum variation produced by the digitization noise of ±150 nT. A variety of influences have been explored that might account for these unusual variations including temperature, battery charge state, physical location and previous smartphone operating history, but none seem to be implicated at this time. This suggests that some electronic systems factors may be involved that cannot be directly controlled by the available smartphone app settings, or otherwise mitigated through a measurement protocol adjustment. We also checked whether frequent smartphone re-calibration using the 'figure-8' method described by [17] would improve the data quality and uniformity, but no such improvement was detected.
During the period from September 25, 2017 at 11:00 UT to October 19 at 16:00 UT, a total of 16,000 measurements were taken using the iPhone, which are presented in Figure 9 . The data show the characteristic 'reverse-apostrophe' shape of each iPhone data session (e.g. Figure 4) , and only the values at the 'head' of the apostrophe are valid measurements. Also shown is the corresponding average value for BH for each observing session. Once again as for the Samsung data, there does not seem to be a significant correlation between variations in K and the values recorded for Bz or BH. The average value is Bz =-41.3±2.1 µT. This is a substantially noisier background level than obtained from the Samsung data, suggesting that the iPhone has even-larger systematic effect issues than the Smartphone platform.
This research was conducted between September and December, 2017, near the tail-end of the current sunspot cycle, which according to the current trends presented by [19] will presumably arrive at its minimum sometime in ca 2019. The likelihood that a storm strong enough to be detected by a smartphone magnetometer on any given day is rather low, given that the number of storms with Kp ≥ 5 is less than about one each month. From the tabulations of Kp indices for the 50 strongest geomagnetic storms between 2008 and 2017 by [20] , events with Kp > 5 occurred only about 11% of the time. The Kp index is created by averaging the deviations found at an established set of magnetic observatories during a set three hour period. That means that reported Kp indices correspond to the geomagnetic conditions during the previous three hours. A statistical study of the mid-latitude FRD, K indices across the current sunspot cycle show that if the current K = 5 (from the previous 3-hour measurement), there is a one-in-two chance that the next 3-hour measurement will exceed this level. The strategy now becomes one of regularly monitoring the real-time K index, which tells you the K from the previous three hours. If it exceeds K = 5 you should commence smartphone data logging.
Based upon the statistics of major geomagnetic storms across a solar activity cycle, it was not expected that a study of smartphone magnetometers during the final years of sunspot cycle 24 would lead to observations of a major geomagnetic event during the study period. Fortuitously on September 8, 2017, space weather forecasts indicated that active region AR12673 had produced a powerful X9.3 flare on September 6 (the largest in last 9 years), and a significant coronal mass ejection event was likely. Unfortunately, the Samsung platform had not as yet been evaluated, which was later found to have the superior stability for measuring Bz. This storm was measured using the iPhone, and without the above detailed experience in optimally measuring magnetic storm events, nevertheless, the results shown in Fig. 10 were initially very promising.
Following a brief period (15:00 to 20:00 UT on September 7) during which K = 2 conditions at FRD established an important pre-storm baseline measurement, it appears that the storm may have been detected between 21:00 -24:00 UT on September 7. The actual storm event, according to FRD peaked between 00:00 and 02:00 UT on September 8. This offset in time is significant and not currently explainable. Given that this iPhone event is the only large deviation in the Bz data recorded during this period, it is likely that the smartphone detected some type of magnetic disturbance, but the details are not commensurate with the more detailed observations at FRD. The cause of the discontinuity near T = 28.0 hours (04:00 UT on September 8) from Bz = −42.8 to −43.2 µT does not represent a time-jump in sampling, nor a power-up glitch, during which time the geomagnetic index remained constant at K = 4.
The FRD real-time horizontal component H plot feature between 22:00 UT September 7 and 04:00 UT September 8 appears to coincide with the peak recorded near 00:00 UT on September 8. However, the deviations near 19:00 and 22:00 UT on September 7, which the iPhone data suggests have a significant amplitude, do not have corresponding features in the FRD data or in the K index. There is also no indication in the smartphone BH or Bz data between elapsed times of 36-39 hours, of the second storm feature (K = 7) at 11:00 to 15:00 UT on September 8.
VII. CITIZEN SCIENCE APPLICATIONS
Citizen science is public participation in science and its growth has been enabled greatly by smartphone sensors. Designing, building, and maintaining citizen science and crowd-sourcing applications is laborious and beyond the scope of this paper, but such data may have unique scientific and educational value.
Although the current tests at this time do not establish that even the strongest geomagnetic storms can be detected with high statistical confidence, nevertheless there are some applications of this ubiquitous technology that could still go forward.
Two current app-based projects relate to Earth's geomagnetic field. One, the Aurorasaurus project, is the first citizen science project involving > 5,000 people reporting the visibility of the Northern and Southern Lights [21] . If cell phone magnetometers are able to regularly and reliably detect geomagnetic storm signals, then it would be beneficial to combine both applications or share data. Currently, the two smartphone platforms tested have not demonstrated a reliable, correlated response to geomagnetic storms below K = 8. It is likely that as mobile technologies evolve, the ability to use a smartphone as a networked real-time 'personal space weather station' will increase dramatically. One can even envision that the ability to improve data quality and selfvalidate whether one is detecting space weather, may come from the combination of multiple heterogeneous data sets. This has important implications for the stewardship of space weather data, and it is imperative to stay on top of the latest technology for space weather applications.
The second citizen science application, the CrowdMag project, gathers magnetic sensor data from cell phones primarily for the purpose of updating geomagnetism models [22] . Over 15,000 people have uploaded nearly 15 million measurements, which is expected to lead to maps of the geomagnetic field over continent-scale areas at potentially kilometer resolution. As we have seen in the time domain, although the current magnetometer sensors have a noise level near ±150 nT, the data are plagued by apparently uncontrollable systematic baseline changes and other platformdependent artifacts of the order ±2000 nT. Given that the geomagnetic field has a total amplitude of ca 50,000 nT, at least this quantity can be measured to about ±4% (S/N = 25). Another way to demonstrate the geophysical utility of smartphone measurements is by comparing the various geomagnetic multipoles to the smartphone baseline changes.
The IGRF model [10] , [23] is based upon a spherical harmonic, multipole expansion of the geomagnetic field to predict local field values in both time and space. The amplitudes of these components begin with a principle component with a strength of about −30,000 nT (n = 1, m = 0), followed by a secondary component at about −1600 nT (n = 2, m = 0) and a tertiary component at +1,300 nT (n = 3, m = 0). If there were no systematic effects and only the ±150 nT digitization noise were the limit, all three of these harmonic components would be detected at 6σ or above, which would allow this citizen science approach to make significant contributions to validating geomagnetic field models at least to this order. However, assuming that the ±2000 nT systematics and artifacts in the smartphone field measurements are irreducible, only the primary multipole would be measurable at about 15σ . Combining data from multiple smartphone platforms in either the time or space domains to take advantage of a √ N noise reduction would not reduce the artifact effect, which would behave as non-Gaussian white noise in the measurement system. Because different platforms appear to have different levels of this artifact noise, it is nevertheless entirely possible that some smartphone platforms would be more useful than others in this type of activity.
Another application with enormous potential is in the emerging area of educational technology. NASA Goddard's STEM Innovation Laboratory prototypes educational technology with input from the latest education and heliophysics domain knowledge. In this area, it is not necessary for students to produce research-grade measurements, but to only have the experience of how a scientific investigation is conducted. In this context, students would learn about the geomagnetic field as a vector quantity and use the smartphone sensor to measure its components in a variety of local environments to 'map out' the invisible field that surrounds them. The development and assessment of classroom and informal education protocols and experiments is currently underway.
VIII. CONCLUSIONS
Although the iPhone 6s and Samsung Note 5 smartphone magnetometer sensors have a nominal sensitivity of ±150 nT, this noise level is not a Gaussian process and cannot be further reduced by co-adding more measurements to obtain √ N improvements. The proximate cause of this is that there are a variety of systematic influences including the ambient operating temperature and a variety of apparently uncontrollable artifacts that as shown in Section III have amplitudes of ±2000 nT during long-term measurement operations. These variations mask the detection of perhaps all but the strongest geomagnetic storms with K > 8. Statistically, the frequency of severe geomagnetic storms with K > 8 is extremely low as we enter the sunspot-minimum period from ca 2018 to 2021.
It is not expected that current smartphone systems will be able to detect geomagnetic activity until after 2021 when the sun becomes considerably more active and the stronger storms become more frequent. It is possible that other existing smartphones have improved magnetic sensors with fewer artifacts, and that future improvements may change these conclusions, so a continued study of this issue is warranted. Specifically, the dramatic difference between the Samsung and iPhone DC shifts, and time to reach a stable value, appear to be issues related to the ADC technology, which one may assume will evolve over time and across different platforms. in 1976 and 1982, respectively, in the area of infrared astronomy through his investigation of star-forming activity in the nuclear regions of the milky way galaxy. 
